Low-fat diets produce spontaneous weight loss in the research setting, but as a public health strategy, they have been disappointing. Insulin resistance and impairments in insulin secretory function leading to postprandial hyperglycaemia are now common, making the current context greatly different to that of 25 years ago. There is increasing evidence that reducing the proportion of energy derived from carbohydrate or reducing the glycaemic index (GI) of the carbohydrate improves the rate of fat loss and cardiovascular risk factors. The proposed mechanisms include higher satiety, higher metabolic rate, reduced postprandial glycaemia and/or insulinaemia and higher fat oxidation. Although dietary glycaemic load can be reduced either by lowering the GI of the carbohydrate or by reducing carbohydrate energy, the metabolic and physiological consequences are not the same. Exchanging high for low-GI foods, without changing the macronutrient ratio, may be optimal because it is simple, cost-effective and often associated with higher intake of whole grains and greater food volume, and factors that maximize the chance of sustained weight loss. Healthy low-GI diets allow for moderate intakes of sugars, including sweetened dairy foods, fruits and confectionery items, and can be easily adapted for individuals of different ethnicities, vegetarians and low-income groups.
Introduction
Both quantity and quality of carbohydrate are central to the debate surrounding the optimal diet for body weight regulation. Over the past two decades, higher carbohydrate intake, particularly of refined and high-glycaemic index (GI) carbohydrate, has accompanied increases in obesity, type 2 diabetes and the metabolic syndrome. [1] [2] [3] Although temporal associations do not prove cause-and-effect, the Western high-carbohydrate diet with its abundance of high-GI foods may not be optimal in populations with varying degrees of insulin resistance and beta-cell dysfunction. 4, 5 Individuals with severe insulin resistance or type 2 diabetes find sustained weight loss difficult. 6 The relationship of the GI and dietary glycaemic load (GL, the product of the GI and carbohydrate content) to the development and progression of chronic diseases is controversial. 7, 8 Clinicians and health professionals remain sceptical, calling for greater scientific evidence on which to base advice to patients. The accelerating obesity epidemic, together with the striking results of animal studies comparing long-term effects of high-GI and low-GI diets, 9 make the task of resolving the debate more pressing.
The GI and GL
The GI is a system of ranking the glycaemic potential of the carbohydrates in different foods. It was first proposed as an alternative means of classifying carbohydrate-containing foods in 1981 10 and defined by its in vivo methodology, that is, as the blood glucose response of a 50-g carbohydrate portion of food, expressed as a percentage for the same amount of carbohydrate from a reference food. 11 In vitro measures of rate of digestion while helpful in some contexts, cannot be used as true measures of the GI. 12 In 1997, the Food and Agriculture Organization (FAO) of the United Nations and the World Health Organization convened an expert consultation on carbohydrates in human nutrition, involving scientists from 13 countries. The subsequent recommendations passed to member countries stated that the GI could be employed as a useful indicator of the impact of foods on blood glucose, but that it should be used to compare foods of similar macronutrient composition within food groups and for clinical applications including diabetes and impaired glucose tolerance. 13 Major diabetes associations, including Diabetes UK, 14 the Canadian Diabetes Association 15 and Diabetes Australia, 16 recommend judicious use of the GI. More recently, the American Diabetes Association recognized that the use of the GI 'can provide an additional benefit over that observed when total carbohydrate is considered alone'. 17 Beyond diabetes, the application of the GI to weight control, 18 sports performance, 19 cardiovascular disease 20 and cancer prevention 21, 22 is controversial and is the subject of ongoing research. Although the GI compares the glycaemic potential of foods gram-for-gram of carbohydrate, the overall blood glucose response to a serving of food is determined by both the quantity and quality (GI) of carbohydrate. 23 Dietary GL, defined as the GI/100 Â g of carbohydrate, has therefore been proposed as a measure of the overall blood glucose-and insulin-raising potential of the diet. By definition, dietary GL can be reduced in two ways -either by lowering the GI of the carbohydrate or by reducing the total carbohydrate in the diet. Both the methods can reduce postprandial glucose and insulin responses, but are likely to have different metabolic effects both acutely and in the long term. 24 
GI and weight control
The application of the GI to weight regulation is relatively recent but already vigorously debated. 25, 26 Proponents argue that several features of low-GI foods are potentially beneficial for weight control. They include the ability to promote satiety and delay hunger, reduce fluctuations in glycaemia and insulinaemia, promote higher rates of fat oxidation and minimize declines in metabolic rate during energy restriction. As Campfield and Smith 27 established that 'dynamic' falls in blood glucose influenced meal initiation in both animals and humans, the satiating qualities of low-GI foods may be more closely related to slower rates of digestion and absorption in the gut, rather than postprandial glycaemia per se. 28 Raw and partially gelatinized starches (in legumes, whole grains and pasta) are more slowly digested than fully gelatinized starches (in most breads and breakfast cereals). 29 As a consequence, partially digested food particles can reach lower parts of the ileum where they stimulate the secretion of satiety signals such as glucagon like peptide-1(GLP-1). 30 Many sugary foods containing sucrose, fructose and/or lactose have relatively low-GI values, not because they are slowly digested, but because the component sugars fructose and galactose have minimal effect on glycaemia. Hence weight-for-weight of carbohydrate, a food based on sucrose (or equimolar mixture of glucose and fructose) will have a lower GI than the one based on rapidly digested starch (a glucose polymer) such as cornflakes. 31 The satiating and metabolic characteristics of low-GI sugary foods will vary from those of low-GI starchy foods. In practice, however, it is difficult to tease out the separate effects of GI, palatability, volume, fibre and other factors that influence satiety responses to realistic meals. When food appearance and nutrient content have been matched as closely as possible, low-GI solid foods induce greater satiety than their high-GI counterparts, and are followed by less energy intake at subsequent meals. 32 Jimenez-Cruz and Gutierrez-Gonzalez 33 showed that a lowcompared to a high-GI lunch resulted in a higher satiety perception in people with type 2 diabetes. Agus et al.
34
reported a greater energy intake from snacks on days 7 and 8, following 6 days of an energy-restricted high-compared to low-GI diet. Warren et al. 35 found that low-GI foods eaten at breakfast had a significant impact on food intake at lunch in normal and overweight children. Our group showed that progressive refining of whole-wheat grains resulted in a stepby-step increase in the food's GI rating and a reciprocal decrease in satiety. 36 Similarly, mixed meals with low-GI values were found to induce greater secretion of cholecystokinin, a gut peptide associated with satiation, and more fullness over a 180-min period. 37 Over the course of a week, overweight men were found to reduce spontaneously their intake by 25% when fed ad libitum combined low GI and high protein, low-fat diet. 38 Not all studies have reported higher satiety after low-GI foods. Indeed, Anderson et al. 39 demonstrated the reverse, that is, higher satiety 60 min after consumption of high-GI solutions compared with low-GI solutions. Alfenas and Mattes 40 reported no effect of GI/GL on either glycaemic response or appetite, but their study has been criticized on methodological grounds. 41, 42 In a review of 16 studies, Ludwig 32 concluded that low-GI foods increased satiety or delayed return of hunger or decreased ad libitum food intake in all but one study. It has been suggested that the GI influences subsequent food intake by altering the availability of fuel sources in the postprandial period. Following a high-GI meal, hyperinsulinaemia, along with low plasma glucagon, stimulates the uptake of glucose and fatty acids into muscle, fat and liver cells, whereas simultaneously suppressing lipolysis. Consequently, circulating levels of the two major metabolic fuels, glucose and fatty acids, are reduced. This in turn may lead to a rise in counter-regulatory hormones, that stimulate hunger and promote eating. 43 Differences in GI are known to dictate differences in fuel partitioning and oxidation during rest and exercise. 44, 45 Stevenson et al. 46 measured substrate metabolism in a 3-h rest period following breakfast and lunch of either low-or high-GI. They confirmed that glucose and insulin responses following both meals were significantly lower, and the total amount of fat oxidized during the 3--h rest period was significantly higher in the low-GI compared to the high-GI trial. The same research group previously reported significantly higher fat oxidation during exercise, following a low-GI compared to high-GI breakfast 47 and in a more recent study, a low-GI breakfast contributed less carbohydrate to glycogen stores than a high-GI breakfast, but there was a better preservation of glycogen during subsequent exercise, most likely as a result of higher fat oxidation. 48 This has implications not only for athletes aiming for maximal performance, but also for the recreational exerciser aiming for weight control. Physiologically, these results can be explained: high-GI meals produce larger glycaemic and insulinaemic responses, which in turn produce a greater increase in carbohydrate oxidation via rapid activation of key rate-limiting enzymes. Meanwhile intermediates of glucose oxidation, such as malonyl-CoA, strongly inhibit fatty-acid transport into mitochondria, resulting in decreased fatty-acid oxidation. 49 Longer exposure to chronic hyperglycaemia and hyperinsulinaemia results in decreased expression of the rate-limiting enzymes and alters the potential for fat oxidation. A reduced capacity to oxidize fatty acids has been found in obese insulin-resistant humans 50 and obesity-prone rats, 51 and several prospective studies have linked lower rates of fat oxidation with greater weight gain. 52, 53 It has further been suggested that the counter-regulatory hormone response following a high-GI meal may also have a proteolytic effect and increase the loss of lean body mass over time. This in turn may affect resting energy expenditure (REE). Agus et al. 34 reported less of a fall in REE during weight loss, with a low-compared to a high-GI diet; and recently Pereira et al. 54 showed a blunted fall in REE after 10% weight loss was achieved following a low-GL as opposed to low-fat diet, despite similar changes in the body composition. The effects of GI on metabolic changes can more easily be quantified in animal models, where the GI of the diet can be tightly controlled with no change in other dietary factors. After 18 weeks, rats fed a high-GI diet, compared to those fed a low-GI diet, had approximately 40% more body fat and almost 10% less lean mass, despite similar body weight; and mice on a high-GI diet had almost twice the body fat of those on a low-GI diet after only 9 weeks. 55 Earlier studies found a high-GI diet-stimulated fatty-acid synthase and lipogenesis in normal and, to a lesser extent, diabetic rats; 56 whereas a low-GI diet decreased glucose incorporation into lipids and adipocyte diametre in both normal and diabetic rats. 57 Population studies provide further evidence that the glycaemic effect of the diet might influence body fat stores in humans. In an observational study of 572 healthy American adults, body mass index (BMI) was found to be positively associated with the GI of the carbohydrate, but not with carbohydrate intake (grams or % energy (E)) or GL. 58 Similarly, in the EURODIAB Complications Study of nearly 3000 adults with type 1 diabetes, a lower GI of the diet predicted lower waist-to-hip ratio and waist circumference in men, independent of carbohydrate, fat and fibre. 59 
Intervention studies
Clinical trials published in the last few years provide support for the hypothesis that low GI diets improve weight loss and/ or fat metabolism. Spieth et al. 60 compared the effects of a low-GI diet with an energy restricted, low-fat diet in the management of paediatric obesity. Significantly more patients in the low-GI group achieved a decrease in BMI of at least 3 kg/m 2 in just over 4 months. Similarly Ebbeling et al.
61
showed that an ad libitum, reduced-GL diet was more effective over 12 months at reducing both BMI and body fat in obese adolescents than a conventional energy restricted, low-fat diet. A recent study in Austrian obese adults advised to follow a high carbohydrate, low-GI diet for 24 weeks, reported significant reductions in body fat and unusually small losses in lean mass, with good adherence to the diet. 62 Although the diet was not directly compared to any other, the mean weight loss reported (8.9 kg) after 24 weeks was exactly that of the high-protein group in Skov et al.'s 63 study with similar fat mass reduction. The latter reported a mean loss of only 5.1 kg in a high-carbohydrate group. Finally, Pittas et al. 64 found that overweight adults with relatively greater insulin secretion in response to a glucose challenge lost more weight when assigned to a low-GL hypocaloric diet for 24 weeks, but there was no differential effect of diet in individuals who had relatively lower insulin secretion. Shorter-term studies have shown an effect of GI on weight or body composition. A 5-week low-GI, compared to a high-GI, diet resulted in a significant decrease of B700 g in body fat and a tendency to increase lean mass without any change in body weight in healthy men; 65 and in a cross-over study comparing the effects of four diets (high-fat, low-GI, highsucrose and high-GI) over 24 days, despite being adviced to maintain an identical energy intake, there was significant weight loss only on the low GI. 66 Not all studies have shown improved weight loss with a low-GI diet. Ebbeling et al. 67 compared a low-GI diet with a conventional energy-and fat-restricted diet over 12 months (6 months intensive intervention and 6 months follow-up) in obese young adults. Body weight in both groups had decreased significantly at 6 months (À8.4 and 7.8%, respectively) and weight loss was reasonably maintained well at 12 months with no significant differences between the groups at either time point (although there were differences in other cardio-vascular risk factors in favour of the low-GI diet). Similarly, whereas there were benefits of a low-GI, compared to high-GI, diet in reducing risk factors for ischaemic heart disease, there was no significant improvement in weight loss or body composition found in a 10-week study of healthy, overweight women. 68 In a comparison of three reduced-energy diets varying in GI and GL (high-GI/high-GL, low-GI/low-GL and high-fat/low-GL/ high-GI), weight loss was found to be independent of diet composition. 69 Methodological issues might explain the failure to detect differences between high-and low-GI diets. In the latter study, body composition was estimated using skin-fold measurements, a difficult procedure in obese subjects. When energy intake is markedly reduced or strictly controlled, differences in weight loss are unlikely to be detected. Finally, the calculated GI and GL of the diets may not reflect real differences between the diets.
Diets in which protein intake is increased at the expense of carbohydrate intake also reduce dietary GL and postprandial glycaemia and insulinaemia, whereas increasing satiety and rate of weight loss. 70, 71 However, no published studies have 
GI and cardiovascular disease
Irrespective of weight loss, low-GI diets are often associated with improved cardiovascular risk factors, implying differences in lipid metabolism. In the Nurses' Health Study 72 of approximately 75 000 women in the US, GL was directly associated with risk of coronary heart disease (CHD) after adjustment for known risk factors. The relative risk in the highest compared to lowest quintile of GL was almost the double. Furthermore, classifying carbohydrates by their GI, as opposed to the conventional simple-complex classification, was shown to be a better predictor of CHD risk. These associations were even stronger for women with a BMI X23. An inverse relationship was found between GI and GL, and high-density lipoprotein (HDL)-cholesterol in a US study of almost 14 000 adults, regardless of sex or BMI; 73 in women in the Nurses' Health Study; 74 and in Europeans with type 1 diabetes. 75 GI was the only dietary variable significantly related to HDL-cholesterol in a study of middle-aged British adults. 76 Although high-carbohydrate diets have been associated with higher triacylglycerides (TG), the evidence suggests that not all carbohydrates act in the same way. The findings from the Nurses' Health Study showed a strong positive association between GL and TG, with both GI and carbohydrate contributing independently to the association, which was strengthened in women with high BMI. 74 In the two studies in obese young adults of 1-year duration, a low-GL diet was shown to be more effective at lowering TG than a conventional low-fat, energy-restricted diet. 54,77 A shortterm (6 days) study showed that a low-GI low-fat highprotein diet, compared to phase 1 of the American Heart Association (AHA) diet, reduced TG by 35% and increased LDL peak diametre. 38 Not all studies have found such relationships. The Zutphen Elderly Study of elderly men in the Netherlands found no relationship between GI and risk of CHD, nor with the blood levels of cholesterol, HDL-cholesterol, TAG, insulin or glucose. 78 In an Italian case-control study of non-diabetic subjects with a first episode of non-fatal acute myocardial infarction, GI was associated with increased risk only in those aged X60 years and the overweight. 79 GI and GL may increase the risk of CHD in a number of ways. Although hyperglycaemia has long been known to increase the risk of cardiovascular disease in people with diabetes, the effect of high-blood glucose levels in healthy people without diabetes was not recognized until recently. A meta-analysis of prospective studies found that postchallenge blood glucose level even in the non-diabetic range had a linear relationship with cardiovascular disease risk, and the risk appeared to be higher in women. 80 Glucose 'spikes'
induce oxidative stress and protein glycation, both factors causing damage over the long term to the vascular system. 81 GI may influence disease risk through effects on insulin sensitivity. Low-GI diets have been shown to improve insulin sensitivity in subjects with CHD, 82,83 diabetes 84 and obesity. 85 A high-GI diet has been shown to increase postprandial insulin resistance. 66 In lean young subjects, however, low-GI diets had little or no effect on insulin sensitivity as determined by the euglycaemic, hyperinsulinaemic clamp. 86 Finally, a high-GI diet may increase the risk of cardiovascular disease by exacerbating the proinflammatory process. High sensitivity C-reactive protein (hs-CRP) is a sensitive marker for systemic inflammation and has been shown in several large prospective studies to be related to an increased risk of ischaemic heart disease. In the Women's Health Study, dietary GL was found to be significantly and positively associated with plasma hs-CRP, independent of conventional risk factors. 87 The association was stronger in overweight women than the normal weight subjects. In an intervention study, CRP levels improved more after weight loss on a low-GL diet compared to a low-fat diet. 54 
Dietary fibre
High-fibre diets are increasingly associated with favourable effects on body weight regulation, partly through effects on insulin sensitivity. In young adults, low-fibre consumption predicted higher 10-year weight gain, waist-to-hip ratio, and 2-h post-glucose insulin levels (a measure of insulin resistance) to a greater extent than did total or saturated fat consumption. 88 The Inter99 Study 89 90 In these cases, it is impossible to separate an effect of fibre per se from any purported effect of lowering postprandial glycaemia. It is likely that at least part of the beneficial effect of high-fibre diets in observational and intervention studies may be due to their ability to slow the carbohydrate absorption. Unfortunately, the dietary assessment methods used in most of the large-scale epidemiological studies have been designed to estimate fibre consumption, but not the GI. Outside Australia and Canada, the lack of reliable GI values for the vast majority of cereal foods may lead to inaccurate coding of the food database.
Conclusions
Low-fat and high-carbohydrate diets produced spontaneous weight loss in the research setting, but as a public health strategy, they have been disappointing. Postprandial hyperglycaemia, insulin resistance and impairments in insulin secretory function are now common, even in the young, making the current context greatly different to that which existed 25 years ago. Identifying simple, cost-effective dietary strategies for prevention and management is a matter of urgency. Intervention studies are showing that reducing the proportion of energy derived from carbohydrate or reducing the GI of the carbohydrate improves either the rate of weight loss or cardiovascular risk factors, including total and LDLcholesterol and insulin sensitivity. The proposed mechanisms include higher satiety, higher metabolic rate, reduced postprandial glycaemia and/or insulinaemia and higher fat oxidation. Although dietary GL can be reduced by various strategies (e.g. lowering the GI of the carbohydrate or reducing carbohydrate intake at the expense of higher protein or fat intake), the metabolic and physiological consequences may vary. Reducing the GI of the carbohydrate without changing the macronutrient ratio is arguably the optimal strategy because it is simple ('that for that') and often matched with higher intake of wholegrain (with coincident micronutrients), greater food volume and higher satiety; factors that minimize the chance of weight regain. Low-GI diets allow for moderate intakes of sugars, including sweetened dairy foods, fruits and confectionery items that increase the acceptability of any diet. Moreover, low-GI diets are ethnically and culturally sensitive and easily adopted by vegetarians and low-income groups.
Most importantly, low-GI diets appear to 'press the right emotional buttons,' motivating individuals to adopt a diet that not only 'controls' blood glucose levels but is coincidentally healthy. Although high-fibre diets have limited appeal, low-GI diets have proved popular in many countries.
Unscientific terminology such as 'sugar-highs, sugar-lows,' 'fuller for longer,' 'slow-release energy,' 'sustained energy,' may be scorned by scientists but are concepts that have intrinsic appeal to members of the public. In Australia, the media has played an important role in popularizing the GI and handled the science and practicalities of low-GI diets responsibly.
